Current isotopic approaches underestimate gluconeogenesis in vivo because of Krebs cycle carbon exchange and the inability to measure intramitochondrial precursor specific activity. We therefore applied a new isotopic approach that theoretically overcomes these limitations and permits quantification of Krebs cycle carbon exchange and the individual contributions of gluconeogenesis and glycogenolysis to overall glucose output. 16-3H]Glucose was infused to measure overall glucose output; 12-"Cqacetate was infused to trace phosphoenolpyruvate gluconeogenesis and to calculate Krebs cycle carbon exchange as proposed by Katz. Plasma I'4CJ3-OH-butyrate specific activity was used to estimate intramitochondrial acetyl coenzyme A (CoA) specific activity, and finally the ratio between plasma glucose "'C-specific activity and the calculated intracellular phosphoenolpyruvate "C-specific activity was used to determine the relative contributions of gluconeogenesis and glycogenolysis to overall glucose output. Using this approach, acetyl CoA was found to enter the Krebs cycle at twice (postabsorptive subjects) and three times (2½/2-d fasted subjects) the rate of pyruvate, respectively. Gluconeogenesis in postabsorptive subjects (3.36±0.20 Mmol/kg per min) accounted for 28±2% of overall glucose output and increased twofold in subjects fasted for 2/2-d (P < 0.01), accounting for > 97% of overall glucose output. Glycogenolysis in postabsorptive subjects averaged 8.96±0.40 ttmol/kg per min and decreased to 0.34±0.08 gmol/kg per min (P < 0.01) after a 21/2-d fast. Since these results agree well with previously reported values for gluconeogenesis and glycogenolysis based on determinations of splanchnic substrate balance and glycogen content of serial liver biopsies, we conclude that the isotopic approach applied herein provides an accurate, noninvasive measurement of gluconeogenesis and glycogenolysis in vivo.
Introduction
It has long been recognized that metabolic exchange of carbons in the Krebs cycle is a major factor limiting the isotopic quantification of gluconeogenesis in vivo (1, 2) . The (2) . This dilution of the specific activity (sp act) of gluconeogenic intermediates reduces the sp act of glucose formed from these intermediates and results in an underestimation of glucose derived from the labeled precursors (i.e., gluconeogenesis). This limitation could be overcome if it were possible to quantitate carbon exchange in the Krebs cycle. Indeed, more than 30 years ago, Strisower (3) developed a model based on in vitro experiments, the power series equations of which could be used to calculate Krebs cycle carbon exchange in vivo. Recently, Hetenyi and colleagues have used this model to obtain a correction factor for Krebs cycle carbon exchange in the rat and dog (4, 5) . Katz and colleagues (6) (7) (8) have described the same mitochondrial model in terms of inflow-outflow equations.
In the approach of Katz (8) , one estimates the relative input of pyruvate (gluconeogenic pathway) and acetyl CoA (oxidative pathway) in the Krebs cycle by determining the distribution of labeled carbons within the glucose molecule during infusion ofa labeled precursor, since this distribution is a function of the relative molar influx of pyruvate and acetyl CoA into the oxaloacetate pool (1, 3) . According to this model (8) , if one infuses [2-'4C] acetate, the resultant ratio of the specific activities of carbons 1 and 3 in glucose will equal 2 + 2 Y, where Y is the ratio of moles of pyruvate and CO2 entering the oxaloacetate pool relative to those of acetyl CoA entering the oxaloacetate pool. Thus, from the relative sp act of individual plasma glucose carbons, one should be able to estimate Krebs cycle carbon exchange in vivo.
Moreover, one should also be able to use this approach to estimate the relative contributions ofglycogenolysis and gluconeogenesis to overall glucose output in vivo. From the value obtained for Y and the intramitochondrial specific activity ofa labeled gluconeogenic precursor, it is possible, using the equations of Katz (8) , to calculate the sp act of intramitocondrial phosphoenolpyruvate corrected for metabolic exchange. Since glucose formed directly from phosphoenolpyruvate has the same specific activity as phosphoenolpyruvate, the extent to which plasma glucose sp act is less than that of phosphoenolpyruvate will reflect the amount of unlabeled glucose entering plasma from glycogenolysis and from gluconeogenesis via pathways other than phosphoenolpyruvate.
The only major substrate that theoretically could be converted to glucose without entering the phosphoenolpyruvate pathway is glycerol. Since < 3% of plasma glucose is derived from glycerol in postabsorptive man (9, 10) (and some glycerol may actually traverse the phosphoenolpyruvate pathway on its way to glucose [ 1 1]), the ratio of the measured plasma glucose sp act relative to that of phosphoenolpyruvate should reflect the proportion of glucose output due to virtually all of gluconeogenesis, with the remainder being attributable to glycogenolysis.
The present experiments were, therefore, undertaken to determine Krebs cycle carbon exchange in man and to use this determination to estimate the relative contributions of gluconeogenesis and glycogenolysis to overall glucose output. Studies were performed in normal human volunteers fasted overnight, as well as for 66 h, to test the validity of the approach of Katz (8) , since after a 60-h fast essentially all of glucose output should be due to gluconeogenesis (12) . For 
Methods
Subjects. Informed written consent was obtained from nine male and five female healthy volunteers whose characteristics are given in Table  I . All were between 90 and 120% oftheir ideal body weight (Metropolitan Life Insurance Co. Tables, 1985) , and none had a family history of diabetes mellitus. Each subject consumed a weight-maintenance diet containing at least 200 g carbohydrate and abstained from alcohol for 3 d before experiments. Analytical procedures [3HJ-and ['"C]glucose sp act and glucose labeling pattern. Glucose isolated from 4 ml of plasma using ion exchange chromatography (13) was enzymatically cleaved to lactate (14) , which was isolated by ion exchange chromatography (13). The lactate eluate was dried (Speed Vac rotor concentrator, Savant Instruments, Inc., Hicksville, NJ) and resuspended in 0.20 ml of water. A 0.02-ml aliquot was dried again and saved for subsequent lactate sp act determination by a high performance liquid chromatography (HPLC) method described below. The remaining lactate was oxidized to acetate using KMnO4 (15) . The resultant acetate (carbons 1 and 2, and carbons 5 and 6 of the original glucose molecule) was extracted into chloroform (56%), heptane (42%), and methanol (2%) (10:1 vol). The extraction procedure was repeated three times to increase recovery (-55%). The combined organic phases were back extracted into 6 ml of 0.01 N NaOH. The extract was dried, resuspended together with the previously isolated lactate in 0.14 ml of 0.05 N H3PO4, and transferred to a 0.25-ml cuvette to which 0.02 ml of a 50% suspension of AG-50 W-XB resin, hydrogen form (Bio-Rad Laboratories, Richmond, CA) in H20 was added. The cuvette was spun in a microfuge B (Beckman Instruments Inc., Palo Alto, CA) and was loaded onto the deck of an automatic HPLC injector (WISP 1 lOB; Waters Assoc., Milford, MA); 0.1 ml of the sample was injected onto an Aminex 300 X 7.8-mm organic acid analysis column protected by a 40 X 4.6-mm Aminex guard column (Bio-Rad Laboratories) and eluted with 0.05 M H3PO4 at 0.6 ml/min by a 114M LC pump (Beckman Instruments Inc.). The column effluent was passed through a 441 ultraviolet (UV) (214 mm) detector (Waters Assoc.) to a Retriever III fraction collector (ISCO, Lincoln, NE); data were collected and analyzed by a Spectra-Physic 4270 integrator, which was programmed to control the fraction collector.
Under these conditions, lactate and acetate were clearly separated with respective retention times of 13.7 and 16.5 min. Lactate and acetate peaks were collected in separate scintillation vials; 15 ml of scintillation fluid (Research Products International) were added and the '4C-radioactivity was counted in a liquid scintillation spectrometer. Standard curves of lactate and acetate, generated by injecting known quantities and plotting peak heights versus content (in nanomoles), were run in duplicates before each set of samples to allow the quantitation of the substrates in the samples from peak height; specific activity was determined by dividing the disintegrations per minute in the collected sample by the calculated content. From sp act of the lactate and acetate fractions of the original glucose molecule, the ratio of the sp act of the external carbons (1, 2, 5, and 6) to the internal carbons ( Plasma`4C 3-OH-butyrate sp act 4 ml of plasma was deproteinized by 7% perchloric acid, neutralized to pH 7 with 4 N KOH, and poured on a 9-ml bed volume AGI-XB formate form ion exchange resin column (Bio-Rad Laboratories).
After a 40-ml water washing, the column was eluted with 2 X 20 ml 2 N acetic acid. The resultant eluates were dried (Speed Vac rotor concentrator, Savant Instruments, Inc.) and resuspended in 1 ml 0.01 N NaOH, combined, and dried again. Samples were resuspended and then heated at 50'C for 10 min to completely eliminate the small fraction of acetoacetate that might be present after the drying procedure. To the samples was added 0.02 ml of 50% suspension of AG50-WB resin in H20 and the mixture was spun in a microfuge (Beckman Instruments Inc.). 0.19 ml of the supernatant was then injected onto a 250 X 4.6-mm C18 10-lsm column (Alltech Assoc., Inc., Deerfield, IL)
protected by a 5 X 6.5-mm C18 guard cartridge (Waters Assoc.) and was eluted with 0.1 N NaHP04 (pH 2.5) buffer containing 1.5% methanol at 1.75 ml/min using UV (214 nm) detection. Under these conditions, 3-OH-Butyrate elutes at 4.5 min and is well separated from lactate and acetate, which elute at 2.5 and 2.7 min, respectively. Since the amount of 3-OH-butyrate injected was below our detection limit, standards of lactate, acetate, and 3-OH-butyrate were injected before and after each sample to ensure reproducibility in the retention times. The 3-OH-butyrate fraction was collected in a volume of 1.75 ml, of which 0.05 ml was used for micro-fluorometric determination of 3-OH-butyrate concentration (16) . In separate experiments, recovery ofexternal standards of 3-OH-butyrate ranged between 45 and 50%; in studies of 14- Sliver -liver = 5.8 X Io-' rad/MCi -h; Sliver -whole body = 1.5 X 10-6 rad/MACi * h; S whole body -liver = 1.5 X 10-6 rad/,Ci * h; and S whole body -whole body = 1.5 X 10-6 rad/MCi * h. The radiation exposure to our subjects was also calculated by the radiation safety officer at the University of Pittsburgh. Using the data ofHellman et al. (21) indicating that the half-life of ["'C]acetate is 81 h, the calculated radiation exposure to our subjects was 104 mrem. This is < 10% of the allowable quarterly dose limit for a radiation worker (22 (Table II) . In overnight fasted subjects infused with [2-'4C]acetate, the ratio of the 14C-sp act of the four external (C1, C2, C5, and C6) and two internal (C3 and C4) glucose carbons was 3.07±0.07. This ratio (R) decreased significantly when subjects were studied after the 66-h fast (2.69±0.03, P < 0.05).
Since Y = (R -2)/2, the calculated value for Y, the ratio of the fluxes of pyruvate and acetyl CoA into the Krebs cycle, was 0.54±0.03 after the overnight fast; this decreased significantly after the 66-h fast (0.35±0.02, P < 0.05). Thus, the influx of acetyl CoA in the Krebs cycle was approximately double the influx of pyruvate in the postabsorptive state and approximately triple the influx of pyruvate after the 66-h fast.
Based on these relative fluxes of carbons into the Krebs cycle via oxidative and gluconeogenic pathways, the calculated theoretical sp act of intracellular phosphoenolpyruvate carbon relative to that of intramitochondrial acetyl CoA carbon was 0.76±0.03 after the overnight fast. This increased significantly to 0,94±0.02, P < 0.02 after the 66-h fast.
Measured plasma glucose and 3-OH-butyrate 4C-sp activity, calculated intracellular phosphoenolpyruvate sp act, and percent of overall glucose output derivedfrom phosphoenolpyruvate gluconeogenic pathway (Table III) . The '4C-sp act of plasma glucose and 3-OH-butyrate are given in Table III . The specific activity of intracellular phosphoenolpyruvate calculated as plasma 3-OH-butyrate sp act times P was 11.7±1.1 dpm/,ug carbon after the overnight fast and 7.0±0.5 dpm/Ag carbon after the 66-h fast. The percentage of overall glucose output derived from the phosphoenolpyruvate gluconeogenic pathway calculated as (plasma glucose 14C-sp act)/(plasma 3-OH-butyrate '4C-sp act) X P was 28.4±1.6 after the overnight fast; this increased significantly to 97.5±2.1% after the 66-h fast, P < 0.001.
Plasma glucose concentrations and rates ofoverall glucose output, gluconeogenesis, and glycogenolysis (Table IV) . After the overnight fast, plasma glucose concentration was 5.1±0.1 mmol/liter; rates of overall glucose output, gluconeogenesis, and glycogenolysis were 12.52±0.50, 3.57+0.28, and 8.96±0.40 ,umol/kg per min, respectively. After the 66-h fast, plasma glucose concentration decreased to 3.1±0.1 mmol/ liter, P < 0.001; rates of overall glucose output and glycogenolysis decreased to 7.56±0.61, and 0.34±0.08 ,umol/kg per min, respectively (both P < 0.001). The rate of phosphoenolpyruvate gluconeogenesis increased more than twofold to 7.39±0.67 umol/kg per min (P < 0.001).
Discussion
In the present study, we applied the equations of a mitochondrial model of gluconeogenesis (1, 6-8) and used plasma 3-OH-butyrate sp act to approximate intramitochondrial pre- influx of carbons from acetyl CoA into oxaloacetate was about double the influx of carbons from pyruvate after an overnight fast and increased to triple the influx ofcarbons from pyruvate after the 2X/2-d fast.
From these values, one can, using the equations of Katz (8), calculate the degree to which the conventional isotopic approach would underestimate gluconeogenesis due to Krebs cycle carbon exchange: with uniformly labeled lactate or alanine, gluconeogenesis would be underestimated by 54% in the postabsorptive state and by 63% after a 21/2-d fast; with these precursors labeled in the 3, 2, or 1 position, gluconeogenesis would be underestimated by 40, 40, and 82%, respectively, in the postabsorptive state and by 51, 51, and 87%, respectively, after a 21/2-d fast.
With the present approach, which avoided this underestimation, we found that gluconeogenesis from the phosphoenolpyruvate pathway was responsible for 28% of overall glucose output in the postabsorptive state. The only major substrate that theoretically can be converted to glucose without transversing the phosphoenolpyruvate pathway is glycerol. Since < 3% of plasma glucose is derived from glycerol in the postabsorptive state (9, 10) and since some of glycerol probably traverses the phosphoenolpyruvate pathway on its way to glucose (1 1), gluconeogenesis via the phosphoenolpyruvate pathway could be considered to approximate nearly all of gluconeogenesis. Our finding that gluconeogenesis via the phosphoenolpyruvate pathway accounted for almost 100% of overall glucose output after a 2½/2-d fast is consistent with this conclusion.
Previous attempts to quantitate the relative contributions of gluconeogenesis and glycogenolysis to overall glucose output in postabsorptive man have involved measurement of splanchnic substrate balance (24) (25) (26) or determination of the glycogen content of serial liver biopsies ( 12) . Dietz et al. (24) , Wahren et al. (25) , and Nilsson et al. (26) measured the splanchnic balance of potential gluconeogenic substrates. Assuming that splanchnic balance represented hepatic balance, and that there was total conversion to glucose of substrates taken up by the splanchnic bed, their data indicated that gluconeogenesis accounted for 26% of overall hepatic glucose output. These estimates are similar to that found in the present study (28%). Nilsson and Hultman (12) found the rate of decrease in glycogen content of serial liver biopsies from overnight fasted normal volunteers to be 8.3 ,mol glucose/kg per min. Assuming that the rate of overall hepatic glucose output of their subjects was similar to that found in the present and other studies (27, 28) , i.e., -12 ,umol/kg per min, and that all ofthe depleted glycogen entered plasma as glucose, this would indicate that glycogenolysis accounted for -70% of overall hepatic glucose output. In the present study, we calculated glycogenolysis in our overnight fasted subjects to be 8.9 ,umol/kg per min and to account for 72% of overall glucose output.
Thus, the results of the present study agree quite well with those obtained by other more invasive techniques. Furthermore, Nilsson and Hultman (12) have found that there is near complete depletion ofglycogen in liver biopsies obtained from 60-h fasted human subjects. After this duration of fasting, gluconeogenesis should, therefore, account for essentially all of glucose output. Our finding in the present study that gluconeogenesis accounted for 97±2% of glucose output in 66-h fasted volunteers, thus provides additional support for the validity of the isotopic approach that we used.
Note, however, that the present approach rests upon certain simplifications and assumptions (4, 8, 29 (32, 33) , and that < 5% of this acetone could be converted to glucose (13, 33) .
Application of the equations proposed by Katz using the relative sp act of glucose carbons 1 and 3 assumes that there is complete equilibration between malate and fumarate, so that the labeling pattern in oxaloacetate is symmetrical (8) . However, there is evidence that equilibration between fumarate and malate may be incomplete (17) . This could represent a problem with use of labeled precursors other than acetate (e.g., lactate, alanine, or pyruvate). Nevertheless, the approach in the present studies using the average sp act of carbons 1, 2, 5, and 6, and of carbons 3 and 4, would compensate for any disequilibration and obviate this potential problem. Moreover, the simultaneous determination of the sp act of these carbons using HPLC analysis of glucose degradation products in the present studies improves precision of measurements in which a small experimental error can greatly affect the results (5).
In our approach to determining the contribution of gluconeogenesis from phosphoenolpyruvate to overall glucose output, we calculated intracellular phosphoenolpyruvate sp act from the plasma 3-OH-butyrate _sC-sp act. Ideally, one should use the intramitochondrial acetyl CoA sp act; obviously this was not possible in our human subjects. We therefore assumed that plasma 3-OH-butyrate sp act would closely approximate intramitochondrial acetyl CoA sp act.
The near symmetrical distribution of 14C in the 3-OH-butyrate molecule by rat liver perfused with ['4Cjacetate (34) indicates that acetyl CoA is essentially the sole precursor for ketone bodies in liver, where ketone bodies are produced almost exclusively (35) . Conceivably, exchange between 3-OHbutyrate formed in liver and acetoacetyl CoA formed during fatty acid oxidation in peripheral tissue could result in an un-derestimation of the sp act of hepatic acetyl CoA, as reflected by plasma 3-OH-butyrate sp act (34) ; however, Nosadini et al. (36) have shown that in normal human volunteers such exchange is negligible.
Other than the present study in man, only Hetenyi and co-workers have used the Strisower model in an attempt to quantitate gluconeogenesis more precisely (4, 5) . It is important to point out certain differences in their approach and the one used here. As in the present report, Hetenyi et al. (4, 5) infused [2- (6) (7) (8) . Our results using this approach indicate that in postabsorptive man, influx of carbon into the Krebs cycle from acetyl CoA is approximately twice that from pyruvate and C02, and this increases 50% after a 21/2-d fast. This carbon exchange would result in a 40-90% underestimation of gluconeogenesis measured by the conventional isotopic approach, depending on the labeled precursor used. The approach used herein thus overcomes a major limitation of previous isotopic techniques. That 
